Anisotropic effect of field on the orthorhombic-to-tetragonal transition in the striped 

cuprate (La, Nd)2-xSrxCu04. 
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The Nd-doped cuprate La2-y-xNdySrxCu04 displays a first-order phase transition at Td {— 74 K 
for a;=0.10, y = 0.60) to a low-temperature tetragonal (LTT) phase. A magnetic field H applied 
II the a-axis leads to an increase in Td, whereas Td is decreased when H || c. These efi'ects show 
that magnetic ordering involving both Nd and Cu spins plays a key role in driving the LTO-LTT 
transition. Related anisotropic efi'ects are observed in the uniform susceptibility and the in-plane 
magnet oresist ance . 
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The observation of static charge and spin modu- 
lation in the Nd-doped cuprate La2-x-yNdySrxCu04 
|Q,|| has stimulated considerable interest in stripe 
formation in underdoped cuprates. The compound 
Lai.6_xNdo.4SrxCu04 with x = 0.12 undergoes an or- 
thorhombic to tetragonal (LTO-LTT) transition at Td = 
74 K. Tranquada et al. [y recently observed weak, static 
charge and spin modulations which appear at tempera- 
tures below Td- The modulation periods are close to e 
and 2e for the charge and spin stripes, respectively, with 
e ~ X. The charge modulation has also been observed by 
hard x-ray scattering in samples with Sr content a; = 0.12 
PI and 0.15 B. Transport measurements reveal that the 
c-axis resistivity pc increases rapidly at T^, whereas the 
Hall coefficient decreases monotonically to a value near 
zero, implying quasi-one dimensional transport [gig]. The 
close similarities between the static stripe structure and 
the inelastic peaks observed in Nd-free La2-xSrxCu04 
(LSCO) suggest that weak charge ordering may be a gen- 
eral feature of the cuprate phase diagram [Q . Evidence 
for charged-stripe phase in LSCO (for 0.07 < x < 0.12) 
was recently derived from the collapse of the NQR (nu- 
clear quadrupole resonance intensity |g[. Underlying the 
strong interest in stripes is the proposal that they are 
responsible for superconductivity in the cuprates ||lCl|| . 

We report an unusual effect of a magnetic field on Td 
that highlights the intrinsically magnetic nature of the 
LTO-LTT transition. An in-plane field H || a leads to 
an increase in Td while a field H || c decreases Td- The 
T dependence of the uniform susceptibility and in-plane 
magnetoresistance are also different, depending on the 
direction of the field. 



I. EXPERIMENTAL 

To resolve the MR signal to a few parts per million 
(ppm), we have calibrated of the field-sensitivity of the 
regulating thermometer (Lake Shore Cryogenics cernox 
sensor). A previous calibration (obtained by allowing 



the He bath to equilibrate under open-loop control) |ll| ] 
determined that Ap/ pB^ = -1.7 and -2.7 ppm, at 100 
and 70 K, respectively. 
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FIG. 1. (Main Panel) Hysteresis curves of pc vs. T near Td 
in La2-y-xNdySrxCu04 (Sample Al, with a;=0.10). Curves 
are measured in zero field (broken lines), in a fixed 14-T field 
H II c (heavy solid lines), and in a 14-T field H || a (light 
solid lines). Td is shifted down (up) if the field is parallel to 
the c-axis (a-axis). The inset shows the resistivities pa and 
pc in Al. 

We confirmed these numbers by independent tests, and 
also checked that the sensitivity is unaffected by the field 
tilt-angle. At our largest field (14 T), the error in the set- 
point temperature is <35 mK, and easily compensated 
for. The crystals were cut from boules grown in an image 
furnace. Samples Al and A2 have the same Sr content. 



X = 0.10, while Sample B has a higher x (0.15) (the Nd 
content y = 0.6 is the same in all samples). 



II. FIELD EFFECT ON To 

In zero field, the T dependences of pa and pc (Fig. ^, 
inset) are similar to those previously observed in crystals 
of La2_y-xNdySr^Cu04 with y = 0.4 and x = 0.12 [||. 
Whereas pa is only slightly affected by the LTO-LTT 
transition, pc increases steeply below Td until 20 K, where 
a broad transition to superconductivity begins. As shown 
in Fig. |l| (main panel), pc is hysteretic near Td between 
warming and cooling, consistent with a first-order phase 
transition. In an applied field H, the hystersis loop is 
displaced down in T if H || c, but is displaced up if H || a 
(the upward displacement is independent of the direction 
of H within the ab plane). This indicates a corresponding 
shift in the transition temperature T^. The shift AT^ is 
nonlinear in B^. For H || a, AT^ ~ +250 mK at 14 T (it 
is negative and slightly smaller if H || c). 

In sample B (near optimal doping) the shift AT^ is also 
similar in magnitude. In Fig. g, we show the displace- 
ments of the hysteresis loop for the in-plane resistivity 
pa- The relatively large MR signal raises pa overall by 
~ 0.4% when the field is at 14 T. Nonetheless, the shifts 
in Td (positive when H || a and negative c) are quite 
apparent. 
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FIG. 2. Hystereses curves of pa vs. T in Sample B (with 
y=0.6, a;=0.15) taken in zero field (broken lines), in a 14-T 
field H II c (heavy solid lines), and in a 14-T field H || a (light 
solid lines). 

The unusual shift of Td, together with the steep in- 
crease of Pc below Td, leads to a large contribution to the 
MR observed at fixed temperature (in addition to the in- 
trinsic MR response). The profile of pc vs. T suggests 
that, in the vicinity of Td, dpc/dT is most sensitive to 
T — Td- Hence, we may write for the 'weak-field' regime 
(where Apc ~ i?^), 



The first and second terms on the right are the intrinsic 
and the T^j-shift terms, respectively. To demonstrate that 
both terms exist, we have measured the MR response in 
both field geometries (hereafter, we focus on Samples Al 
and A2 in which x= 0.10). 

As dictated by the sign of dTd/dB^, the Td term adds 
a spike to the MR signal that is negative for H || c and 
positive for H II a. 
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FIG. 3. (Main Panel) The MR signal Apc (divided by B^) 
versus T for H || c (solid circles) and H || a (open) (the latter 
changes sign near 40 K) in Sample Al. The MR is expressed 
as a fractional change in pc at 1 Tesla. The spikes at Td 
are caused by the Td-shift contribution. The inset displays 
hystereses vs. H with T fixed at 76 K. With the sample 
prepared on the upper branch of the pc — T hystesis loop at 
H=0, a large remanent Apc is observed after field-cycling to 
8 T and back to 0, if H || c. The remanence is absent if H || a 
(see text). 

This is confirmed by our measurements. The spikes in 
the MR curves taken at fixed T provide an independent 
check that Td is shifted up (down) when H || a (H || c). 
Because pc is hysteretic close to Td (Fig. ||), it also 
displays strong hystereses when H is cycled in the vicin- 
ity of Td- A detailed analysis shows that, with T fixed, 
increasing H || a is equivalent to decreasing the reduced 
temperature e = (T — Td)/Td in zero field, whereas in- 
creasing H II c increases e. We start with the system 
on the upper branch of the hysteretic loop in Fig. [^ at 
H = 0. If i? is increased slowly along the c-axis, and 
then returned to zero, Apc displays a large negative 're- 
manence' (Fig. pi inset). If instead, H is applied || a, 
the field cycling leads to zero remanence (the opposite is 
true on the lower branch). For the two field geometries. 



the distinctive correlation between the remanence (finite 
or zero) and the starting branch agrees well with predic- 
tions based on the execution of minor hysteresis loops as 
e is cycled in zero field. It lends further support to the 
shift in Td with field. The MR signals in the spike region 
shown in the main panel of Fig. ^ correspond to the ini- 
tial Apc with the system in the lower (upper) branch for 
H II a (H II c). 



spin components (from Heisenberg to XY, for instance). 
This implies an increase in S,, which in turn enhances 
T/v. Fits using these calculations account well for the H 
dependence of Tn observed in several compounds |[l3[ . 
Before applying these ideas to our samples, we discuss 
the susceptibility measurements. 



IV. SUSCEPTIBILITY 



III. ID ANTIFERROMAGNETS 

In magnetic systems, a shift in the ordering tempera- 
ture that changes sign with field direction is quite rare. 
[In 3-D antiferromagnets (AF), the applied field invari- 
ably leads to a decrease in the Neel temperature T^ [Q.] 
The only previously known case appears to be quasi- 
one-dimensional (ID) antiferromagnetic systems, such as 
CsMnCl3.2H2 and CsNiCls (l|,||,|l|. These materi- 
als are well-described as ID Heisenberg antiferromagnets 
that become 3D-ordered at low T (Tjv ~ 5K) because of 
a weak interchain coupling. A field parallel to the easy 
axis (b) depresses T/v whereas a field perpendicular to 
b increases Tj^. Calculations ||l^ show that, in a classi- 
cal ID antiferromagnet at low T, a magnetic field leads 
to an increase in the staggered susceptibility x±{q) with 
q = TT. Villain and Loveluck (VL) ||l^ interpret the en- 
hancement in terms of the correlation length ^ along the 
chain. 
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FIG. 4. The T dependence of the inverse susceptibility x ^ 
at 1 Tesla for H || a and || c in Samples Al (open) and A2 
(closed symbols). The inset shows the magnetization M vs. 
H II c at low T in 2. The M — H curve for the a-axis geometry 
is nearly linear even at 5 K. 

Suppression of magnetic fluctuations along the field di- 
rection has the effect of reducing by one the number of 



The uniform susceptibility x in our samples was mea- 
sured in a 1-Tesla field using a SQUID magnetometer. 
Figure ^ compares the T dependence of Xa^ and x~^ ob- 
tained with H II a and H || c, respectively. For H || c, 
Xc^ is Curie-like, except that the high-T straight-line ex- 
trapolations show intercepts of 4.9 (8.5) K in Sample Al 
(A2). The slope of xZ^ yields a large effective moment 
per Nd ion, Peff = 5.1 (5.3) ^b (Bohr magneton). Our 
Xc is qualitatively similar to the susceptibility in an ear- 
lier report 12] for x measured with H along an unspecified 
direction. As shown in the inset, the magnetization M 
vs. H II c is linear above 10 K, but shows incipient ferro- 
magnetic behavior below. The rapid increase in ordering 
of the Nd moments below 3 K has been detected by neu- 
tron scattering B] . The large magnitude of Pe// and the 
apparent ferromagnetic ordering imply that the uniform 
susceptibility is dominated by the Nd spins S. Surpris- 
ingly, the in-plane susceptibility Xa is qualitatively dif- 
ferent in behavior. Above 100 K, it is consistent with 
Curie- Weiss behavior Xa '- 1/(T + 0) with 9 ~ 180 K. 
Below Td, Xa^ displays a levelling off that is reminiscent 
of the response of an antiferromagnet. 

The nearly Curie-like behavior of Xc implies that the 
c-axis components of the Nd spins Sz behave as free spins 
right through Td (we take z || c). However, the profile 
of Xa shows that the in-plane components Sx and Sy 
undergo ordering at Td- The measurements suggest that 
Sx and Sy are strongly coupled to the Cu spins as well 
as to the phonon mode associated with the tilting of the 
octahedra, but Sz is not. Hence, fluctuations of Sx and 
Sy strongly influence magnetic ordering of the Cu spins 
and the lattice distortion, whereas fluctuations in Sz do 
not. 

An attractive picture is that the rapid growth of the 
staggered susceptibility Xxx{Q) is presumably responsi- 
ble for the LTO-LTT transition [Q — (7r,7r), nominally]. 
As in the model of Villain and Loveluck |lj], an ex- 
ternal field selectively suppresses fluctuations along the 
field axis. When H || x or y, this suppression enhances 
XxxiQ) (and hence Td). However, a field || c is ineffec- 
tual because fluctuations along c are irrelevant to the 
transition at Td- This picture may allow us to relate the 
unusual anisotropy of the susceptibility to the striking 
shift of Td by an applied field. It also emphasizes our 
key finding that the LTO-LTT transition is intrinsically 
magnetic in nature. 



V. IN-PLANE MAGNETORESISTANCE 

The anisotropic nature of the magnetic susceptibihty 
also has striking consequences for conductance in the 
plane. We have measured the in-plane magnetoresistancc 
(current J || a) in Sample A2 for both H || c and H || a 
(Fig. ^. Unlike the c-axis MR, the in-plane MR is always 
positive. Above T^, the in-plane MR is virtually identical 
in magnitude for the two field directions, whereas, below 
Td, the MR signal is slightly weaker (by ^2) when H || a. 



10 



m.lO 

< 





1 1 

: ° 2 


_ Hlla 28^ 


4 


- \ o "o 

-^ 1 

<l 






) 20 40 60 

b'(t') - 

^ Hllc 


5 


\ 

Hlla 




«x, : 

T^. 



10 



20 40 60 80 100 120 
T(K) 

FIG. 5. The MR signal for the (weak-field) in-plane resis- 
tivity Pa expressed as the fractional change in pa divided by 
if' (sample A2). A slight anomaly is observed in the curve 
for H II a, but not for H |j c. The broken line is a T^ fit to 
the data for H || c. The inset shows that the increase in pa 
deviates from B^ below 80 K. 

The relatively large MR response (compared with Nd- 
free LSCO) and its isotropic nature above T^ imply that 
it arises entirely from the coupling of H to the spin de- 
grees of the carriers (as well as to the Nd ions). Sig- 
nificantly, the MR curve for H || c passes through Td 
without defiection, whereas the curve for H || a displays 
a broad anomaly at Td- The selective sensitivity to the 
transition at Td is consistent with that observed in x- 
The MR data suggest that the stiffening below Td of the 
spin response to a uniform in-plane field also leads to a 
decrease in the MR response for the same field direction. 
In contrast, the transition has no effect on x or the MR 
when H || c. Together, the two experiments reveal rather 
clearly how spin ordering also influences in-plane charge 
transport. A better understanding of how the MR arises 
may illuminate charge transport in the cuprates. We note 
that the positive sign is opposite to that in conventional 



spin- mediated MR which predicts negative MR (the only 
mechanism that gives a positive MR seems to be from 
interaction theory ||l^ ) . 

In summary, we have described 3 experiments that re- 
veal the magnetic nature of the LTO-LTT transition in 
the striped cuprate Nd-doped LSCO. Td is shifted up 
(down) when the applied field is in-plane (along the c- 
axis). The uniform susceptibility measured with H || a 
shows behavior consistent with AF ordering, but betrays 
no sign of the transition when measured with H || c. The 
same sensitivity to field orientation is also apparent in the 
in-plane MR. The findings all point to a selective depen- 
dence of the LTO-LTT transition to field direction. We 
propose that field-suppression of spin fluctuations along 
the fleld axis plays a role similar to that in ID Heisen- 
berg systems. However, the many transport features of 
the striped phase, such as the influence of spin ordering 
on the resistivity, remain to be understood. 
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